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Satellite RNAs associated with Bamboo mosaic virus (satBaMV) exhibit different phenotypes. Some isolates could reduce the accumulation of
BaMV RNA and attenuate the BaMV-induced symptoms in co-inoculated plants. The determinants of the downregulation of BaMV replication
were mapped in the 5′ hypervariable region of satBaMV, which folds into a conserved apical hairpin stem loop (AHSL) structure comprising an
apical loop and two internal loops, as evidenced by enzymatic probing. We also demonstrated that the integrity of the AHSL structure of
interfering satBaMV was essential for the interference of BaMV accumulation. Concurrent analyses of natural satBaMV isolates revealed that all
of the interfering isolates contained the same structures and sequences in the internal loops. Further, refined analyses indicated that, besides the
AHSL structure, specific nucleotides in the internal loops play a crucial role in the downregulation, which implies that they may be required for the
interaction of viral/cellular factors in this process.
© 2007 Elsevier Inc. All rights reserved.Keywords: Hypervariable region; Satellite RNA-mediated interference of virus replicationIntroduction
Satellite RNAs (satRNAs) are subviral agents associated
with a wide variety of plant and animal viruses (Rocheleau and
Pelchat, 2006). They share little or no sequence homology with
the helper virus genome and depend on their helper viruses for
replication, encapsidation or systemic movement (Roossinck et
al., 1992; Simon et al., 2004). The replication of satRNA can or
cannot significantly affect the pathogenicity of the helper virus
depending on the infected host, helper virus, and satRNA
isolates (Garcia-Arenal and Palukaitis, 1999). For example,
some satRNAs of Cucumber mosaic virus (CMV) could
attenuate the symptoms induced by CMV in tomato plants
and others could intensify chlorotic symptoms in tomato and
tobacco or necrosis in tomato (Garcia-Arenal and Palukaitis,⁎ Corresponding author. Institute of Plant and Microbial Biology, Academia
Sinica, Taipei 115, Taiwan, ROC. Fax: +886 2 2788 0991.
E-mail address: nslin@sinica.edu.tw (N.-S. Lin).
0042-6822/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2007.03.0501999). The satRNA C of Turnip crinkle virus (TCV) could
intensify TCV-induced symptoms on all tested plants in which
TCV produced visible symptoms, with no affect on the hosts
tolerant to TCV infection (Simon et al., 2004). However,
satRNA C could attenuate the symptoms if the coat protein (CP)
of TCV was replaced with that of cardamine chlorotic fleck
carmovirus (Kong et al., 1995) or if TCV contained an alteration
in the CP initiation codon (Kong et al., 1997); the latter scenario
depends on a reduction in TCV CP level (Wang and Simon,
1999). Since TCV CP is a silencing suppressor, satRNA C
could reduce the accumulation of virion and increase the level
of free CP that may enhance the ability of the helper virus to
overcome post-transcriptional gene silencing (Zhang and
Simon, 2003).
In many cases, modification of the symptoms induced by
helper viruses can be controlled by short cis-acting sequence
features of satRNAs. For instance, a single nucleotide change
within the chlorosis domain of CMV satRNA alters the host
specificity of disease induction (Sleat and Palukaitis, 1992). The
Fig. 1. Genetic maps and 5′ and 3′ UTR secondary structures of BaMV and
satBaMVs. (A) Genome organization and ORFs of BaMVand satBaMV. ORFs
and the molecular weight of encoded proteins are shown in boxes. Two
subgenomic RNAs of BaMVare presented by lines. (B) The secondary structure
of BaMV 3′ UTR contains a cloverleaf-like ABC domain, a stem loop D (D
domain) and a pseudoknot (E domain) (Cheng and Tsai, 1999; Tsai et al., 1999).
An oval-shaped dotted line shows the RNA-dependent RNA polymerase
(RdRp) binding region of BaMV 3′UTR (Huang et al., 2001). (C) The predicted
secondary structures of the 5′ UTRs of BSF4 and BSL6. The apical hairpin stem
loop (AHSL) structures of satBaMV hypervariable (HV) region are boxed. ASL:
apical stem loop. IL-I and IL-II: internal loops I and II, respectively. (D)
Sequences and AHSL structures in the 5′ HV region of BSF4 and BSL6.
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adjacent stem of a hairpin structure within the 5′ half of minus-
stranded CMV satRNAs could induce necrosis in tomato plants
(Taliansky et al., 1998). Two nucleotide positions, U226 and
C362, of G-satRNA were required for the suppression of
systemic symptom development induced by Peanut stunt virus
(Naidu et al., 1992). Downregulation of Groundnut rosette
virus replication by a satRNA variant (NM3c) is determined by
a region near its 5′ end, which is also required for satRNA
replication (Taliansky and Robinson, 1997). The attenuation
associated with CMV satRNAmight be due to competition with
the helper virus for replication by RNA-dependent RNA
polymerase (RdRp) (Kaper, 1982; Wu and Kaper, 1995).
However, when tomato aspermy cucumovirus (TAV) was the
helper virus, some satRNAs could attenuate the TAV-induced
symptoms but not reduce the level of viral RNA (Moriones et
al., 1992). The mechanisms of satRNA attenuation of the
symptoms induced by the helper virus and interference with
helper virus replication are still largely elusive.
Bamboo mosaic virus (BaMV), a member of the potexvirus
genus, has an approximately 6,400-nucleotide (nt), single-
stranded, positive-sense RNA genome with 5 conserved open
reading frames (ORFs) flanked by 5′ and 3′ untranslated regions
(UTRs) of 94 and 142 nt, respectively (Fig. 1A) (Lin et al., 1994;
Yang et al., 1997). ORF 1 encodes a 155-kDa RNA replicase,
which contains methyltransferase (Huang et al., 2004; Li et al.,
2001a), helicase (Li et al., 2001b) and RdRp domains (Li et al.,
1998). ORFs 2–4 encode proteins of 28, 13 and 6 kDa,
respectively, which are involved in cell-to-cell movement of the
virus (Lin et al., 2004;Wung et al., 1999). ORF 5 encodes the 25-
kDa capsid protein, which is expressed by a 1.0-kb subgenomic
RNA. The 3′ UTR of BaMV genome consists of a cloverleaf-
like ABC domain, a stem loop D (SL-D; D domain) and a
pseudoknot (E domain) engaged in viral replication (Fig. 1B)
(Cheng and Tsai, 1999; Tsai et al., 1999). The highly conserved
sequence (ACCUAA) of the potexvirus genus (Bancroft et al.,
1991;White et al., 1992) is located at the D domain, which could
be specifically recognized by the RdRp for the initiation of
minus-sense RNA synthesis (Cheng et al., 2002; Huang et al.,
2001).
SatRNA associated with BaMV (satBaMV) is a linear
RNA molecule of 836 nt with a single ORF for a 20-kDa
protein and is flanked by a 5′ UTR of 159 nt and a 3′ UTR
of 125 nt (Lin and Hsu, 1994). The ACCUAA sequence also
exists in the 3′ UTR of satBaMV (Lin and Hsu, 1994).
Natural satBaMV isolates can be categorized into 2 major
phylogenetic groups, A and B (Liu et al., 1997; Yeh et al.,
2004). A hypervariable (HV) region in the 5′ UTR with
divergence of up to 20% was found in satBaMV isolates (Yeh
et al., 2004). Enzymatic probing revealed the secondary
structure of the 5′ UTR of satBaMV RNA (BSF4) to contain
one long stem–loop (LSL) and a small stem–loop (Fig. 1C)
(Annamalai et al., 2003). Interestingly, the HV regions of
most satBaMV isolates fold into a conserved apical hairpin
stem loop (AHSL) structure, located at the top of the LSL and
required for the replication of satBaMV (Annamalai et al.,
2003; Yeh et al., 2004).Previously, we reported that two satBaMV clones, BSF4 and
BSL6, exhibit distinct phenotypes. BSL6 remarkably reduced
the accumulation of BaMV RNA as well as attenuated the
BaMV-induced symptoms in co-inoculated plants, whereas
BSF4 did not (Hsu et al., 1998). The accumulation of BSL6
RNAwas much lower than that of BSF4 both in inoculated and
systemic leaves of Nicotiana benthamiana when co-inoculated
with BaMV RNA. However, in protoplasts of N. benthamiana,
BSF4 and BSL6 variants replicated at a similar level (Hsu et al.,
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the AHSL segments between BSF4 and BSL6 revealed that the
determinants for downregulation of BaMV replication were
located at the HV region of the BSL6 5′ UTR (Hsu et al., 2006).
In this study, we mapped the secondary structure of BSL6 5′
UTR and further dissected the structures and sequences within
the HV region of satBaMV responsible for the downregulation
of BaMV accumulation. Given that all of the natural satBaMV
interfering isolates comprise the same structures and sequences
in the two internal loops (IL-I and IL-II) of the AHSL, here we
demonstrate their importance in the downregulation of BaMV
accumulation. Besides the RNA structure, 81UGC83 in IL-I and
C60 in IL-II play a crucial role in the interference of BaMV
replication.
Results
Enzymatic probing of the secondary structure of BSL6 5′ UTR
The secondary structure of the 5′ UTR of satBaMV BSL6
RNA comprising 5 stem loops (SL-I to SL-V) was predicted by
Mfold (Zuker, 2003) (Fig. 2E). To confirm this structure, the 5′
UTR of BSL6 was transcribed from pBSL6-5UTR and probed
enzymatically with RNases A, T1, T2, and V1 (Figs. 2A–D).
RNase A digestion at single-stranded unpaired pyrimidines
showed a specific cleavage at C26 in SL-II; U63, U65, U68, U81
and C83 in IL-I; U73 to U75 in the apical loop of SL-III; C86 in
IL-II; U41 and C104 in SL-III; C123 in SL-IV; and U138 and U142
in SL-V. RNase T1 digestion specifically at single-stranded
unpaired guanosines showed cleavages at G37 between SL-II
and SL-III, G67 in IL-I, G71 in SL-III, G122 in SL-IV, and G145
and G148 in SL-V. T2 digestion nonspecifically at any unpaired
nucleotides showed a cleavage at A24 to A29 in SL-II; A64 to
G67 in IL-II; U73 to G76 in the apical loop of SL-III A115 in SL-
IV; and A140 to A141 and A143 to G144 in SL-V. RNase V1
digestion with paired nucleotides cleaved the following stems:
C31 to C35 in SL-II; G55 to C62, including nucleotides in IL-II,
possibly due to a stacking effect and the stem connecting IL-II
and IL-I; C78 to G80 between IL-I and the apical loop; C92 to
G94 and U100 to A101 in SL-III; U109 to G113 and C120 to C121 in
SL-IV; and U130 to G136 in SL-V. In summary, these enzymatic
probings support the existence of the computer-predicted
structure in SL-II to SL-V.
Secondary structure of the AHSL of BSL6 is crucial for the
interference of BaMV replication
In a previous study, we showed that the AHSL of BSL6,
which contains an apical loop and two internal loops (IL-I and
IL-II) interwoven by 2–5 base-paired stems, played a crucial
role in downregulation of BaMV replication (Fig. 1 D) (Hsu et
al., 2006). Natural BaMV-interfering satBaMV isolates
(DL6V6, DL11 and DL16) contained an identical or nearly
identical AHSL structure as that of BSL6 (Fig. 5A) (Hsu et al.,
2006). To unravel the role of the secondary structure of BSL6
AHSL, we constructed 6 BSL6 derivative mutants. Mutant
BSL6-2 contains a single-nucleotide substitution (C72 to A) anddisrupts the 72CG77 pair at the apical stem loop (ASL) (Fig.
3A). Consequently, the secondary structure of this mutant, as
predicted by Mfold (Zuker, 2003), was totally altered. In
contrast, in the compensatory mutant BSL6-3, the substitution
of the 72CG77 pair by an 72AU77 pair did not affect the predicted
secondary AHSL structure (Fig. 3A). To disrupt the middle
stem of AHSL, the mutant BSL6-4 was modified from BSL6 by
replacing 61CC62 with 61GA62. BSL6-5 was the compensatory
mutant and the substitution of the 61CG85 and 62CG84 pairs by
61GC85 and 62AU84 pairs, respectively, did not affect the
secondary AHSL structure. The mutant BSL6-6 was derived
from BSL6 by replacing 89CC90 with 89GG90, which disrupted
the 56GC90 and 57GC89 pairs at the bottom stem of the AHSL.
BSL6-7 was the compensatory mutant and the substitution of
the 56GC90 and 57GC89 pairs by 56CG90 and 57CG89 pairs did
not affect the secondary AHSL structure.
The effect of BSL6 mutants on the replication of BaMV
RNA in co-inoculated N. benthamiana protoplasts was assayed
by northern blot analysis at 24 h post-inoculation. As previously
reported (Hsu et al., 1998), BSF4 and BSL6 replicated to a
similar level even though the levels of BaMV accumulation
were quite different (Fig. 3B), which might be due to the short
period of replication in protoplasts assay. Like BSL6, the
compensatory mutants BSL6-3, BSL6-5 and BSL6-7 greatly
reduced the accumulation of BaMV genomic RNA and 2
subgenomic RNAs (designated as BaMV RNAs), whereas the
mutants BSL6-2, BSL6-4 and BSL6-6, whose AHSL secondary
structures had been altered, did not (Fig. 3B). In the presence of
BaMV RNA, wild-type BSL6, BSL6-2, BSL6-3, BSL6-5,
BSL6-6 and BSL6-7 accumulated to substantial levels at 24 h
post-inoculation (Fig. 3B, row labeled satBaMV). However, the
accumulation of BSL6-4 was undetectable, which may be due
to the disruption of 2 base pairs at the middle stem of the AHSL.
To further confirm this result, the mutant BSL6-8 was
constructed through modification of BSL6 by replacing
61CC62 with 61GG62 and disrupting the 2 CG pairs at the
middle stem of the AHSL. Like BSL6-4 RNA, BSL6-8 RNA
was not detected in the protoplast assay. These results suggest
that maintenance of the BSL6 AHSL structure is essential for its
interference with BaMV replication. Disruption of 2 base pairs
at the middle stem of the AHSL would eliminate the replication
ability of satBaMV.
Downregulation of BaMV replication is not determined by the
apical loop sequence of the BSL6 5′ AHSL
In comparing the sequences and structures of AHSLs of
BSF4 and BSL6, the greatest divergence is located at the ASL
(Fig. 1D). The BSF4 ASL appears to form a mapped structure of
a 3 base-paired stem with a pentanucleotide loop (Annamalai et
al., 2003), whereas BSL6 ASL folds into a 4 base-paired stem
with a tetranucleotide loop (Figs. 1D and 2E). Sequence
alignment between the BSL6 5′ HV region and BaMV RNA
suggested that the 73UUUGG77 at the ASL of BSL6 could
potentially pair with the 4 nt of the highly conserved sequence
(ACCUAA) (Bancroft et al., 1991; White et al., 1992) at the SL-
D of the BaMV 3′ UTR and a non-Watson–Crick base pair (UU
274 H.-C. Chen et al. / Virology 365 (2007) 271–284pair) (Fig. 4A), which might also be involved in the RNA–RNA
interaction (Baeyens et al., 1995). Long-range base-pairing
between short sequences in loops separated by kilobases, oreven on separate molecules, have been shown in viral RNA
(Guo et al., 2001; Sit et al., 1998). The RNA–RNA interaction
between BaMVand BSL6 may form a conformational repressor
Fig. 3. Effects of BSL6 AHSL structures on BaMVreplication. (A) Mutational diagram of stems of the BSL6 5′AHSL. (B) Northern blot analyses of the accumulation
of BaMV and satBaMV RNAs in N. benthamiana protoplasts inoculated with BaMV alone or co-inoculated with satBaMV transcripts. The BaMV and satBaMV
transcripts for inoculation are indicated above each lane. Lane -: no satBaMV RNA added. At 24 h post-inoculation, total RNAs isolated from 3×104 protoplasts were
glyoxalated, electrophoresed in a 1% agarose gel, and transferred to a nylon membrane. Blots were hybridized with 32P-labeled BaMV- (top) or satBaMV-specific
probes (below). Positions of the BaMV genomic RNA (6.4 kb), 2.0-kb and 1.0-kb subgenomic RNA, and satRNA are indicated at the left. EtBr: ethidium bromide
staining of the gel prior to the blotting shows approximately equal loading as revealed by ribosomal RNA abundance in each lane.
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the BaMV 3′ UTR (Fig. 4A) and further reduce the synthesis of
minus-strand viral RNA. To test this hypothesis, the mutant
BSL6-9, a derivative of BSL6, was constructed by replacing
73UUUGG77 with 73AAACC77, which destroyed the comple-
mentarity of the pentanucleotide between the helper virus RNA
and mutant BSL6 (Fig. 4A). When BaMV RNA and BSL6-9
transcripts were co-inoculated into N. benthamiana protoplasts,
more than 50% of BaMV RNAwas detected, as compared with
that in protoplasts co-inoculated with BaMV and BSF4
transcripts (Fig. 4B).
Since the UAA of the highly conserved hexanucleotide
(ACCUAA) was unchangeable for BaMV replication (Chiu et
al., 2002), we then examined whether a 3-bp interaction was
sufficient for satBaMV-interfering BaMV replication. Thus, we
produced the mutant BSL6-10 modified from BSL6-9 by
replacing 73AAACC77 with 73UUACC77, which permits the
formation of 3 putative base-pairs between satBaMVand BaMV
RNA (Fig. 4A). Northern blot analysis showed that the BSL6-
10 could decrease the accumulation of BaMV RNA to a level
about 10% of that in protoplasts infected with BaMV RNA only
(Fig. 4B), which implies that the 3-bp interaction might be
sufficient for satBaMV-mediated interference. These results
prompted us to further explore whether this RNA–RNAFig. 2. Enzymatic structural probing of the 5′ UTR of BSL6 satBaMV RNA. Enzym
specific), RNase T2 (all unpaired nucleotides), and RNase V1 (double-stranded regio
Lane C is the control satBaMV RNAwithout RNase treatment. Lane Alk is partial dig
RNA sequencing markers. The cleaved RNA fragments were resolved on a 10% sequ
1 h, 45 min, (C) 2 h, 30 min, (D) 3 h. (E) The secondary structure of the 5′ UTR of BS
stem loops. The SL-III includes one apical loop and three internal loops (IL-I to IL-III
induced by single- or double-stranded probes are indicated by symbols explained ininteraction is the key mechanism for BSL6-mediated inter-
ference. Mutant BSF4-2 from BSF4 was constructed by
replacing 72GCUGA76 with 72UUAGGU77 at the apical loop
of the 5′ AHSL, which pairs perfectly with the ACCUAA at the
SL-D of the BaMV 3′UTR (Fig. 4A). However, BSF4-2 did not
suppress the level of BaMV RNA in the co-inoculated
N. benthamiana protoplasts (Fig. 4B). To further decipher
these contradictory findings, two more BSF4 mutants were
constructed. For mutant BSF4-3, the 72GCUGA76 at the apical
loop of the BSF4 5′ AHSL was changed to 72GUUUGC77,
which added a 72GC77 pair and produced the same apical loop
sequence as that of the BSL6 5′ AHSL. Similarly, for mutant
BSF4-4, the 71CGCUGAG77 at the ASL of the BSF4 5′ AHSL
was replaced with 71GCUUUGGC78, which resulted in the
same ASL as that of BSL6, except that the 70UG79 pair was
changed to 70CG79 (Fig. 4A). These two mutants containing 4
or 5 nts capable of pairing with conserved hexanucleotide
ACCUAA in the 3′ UTR of BaMV still did not diminish BaMV
RNA accumulation (Fig. 4B). Moreover, the RNA–RNA
interaction between the BSL6 5′ UTR and BaMV 3′ UTR
with no shift in band migration was evident (not shown). Taken
together, the results suggest that the functional determinant for
downregulation of BaMV replication is not located in the ALS
of the BSL6 5′ AHSL.atic cleavage sites were generated by RNase A (U and C specific), RNase T1 (G
n). The concentration of enzymes used in each reaction is indicated on each lane.
estion with alkaline buffer used as a marker. Lanes T1 (15 U) and A (1200×) are
encing gel containing 7 M urea with different running times: (A) 1 h, 15 min, (B)
L6 satBaMV RNAwas predicted by Mfold (Zuker, 2003) to be composed of five
). Nucleotides are numbered from the 5′ end guanine. The positions of cleavages
the figure.
Fig. 4. Mutational analyses of ASL sequence within the 5′ AHSL of satBaMVon BaMV RNA accumulation. (A) The loop–kissing–loop interaction between BaMV
and the wild type or mutants of satBaMV. The complementary nucleotides and a noncanonical base pair (UU pair) in the apical loops of the BaMV 3′ SL-D and
satBaMV 5′ AHSL are linked by dotted lines. (B) Northern blot analyses of the accumulation of BaMVand satBaMV RNAs in N. benthamiana protoplasts inoculated
with BaMV-S RNA or co-inoculated with satBaMV and mutants as indicated. The probes for detection of BaMV and satBaMV RNAs were as described in Fig. 3.
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and sequence in internal loops of the AHSLs
Our previous report suggested that natural interfering
satBaMV isolates (DL6V6, DL11 and DL16) share identical
IL-I and IL-II to those of BSL6 (Hsu et al., 2006), although the
biological significance of these RNA structures remains obscure.
We sought to compare more naturally collected satBaMV
isolates, including their inhibitory effects on BaMV replication
and their secondary AHSL structures predicted byMfold at 25 °C
(Zuker, 2003) (Fig. 5A). Northern blot analyses revealed that
BB23 and DL19, which contain the same predicted structure andsequence in internal loops as those of BSL6, DL6V6, DL11 and
DL16 (Hsu et al., 2006), could substantially interfere with BaMV
replication, whereas BB18 and BV17, with a less conserved
AHSL structure, could not (Fig. 5B). Therefore, our data suggest
that all satBaMV interfering isolates may have the same structure
and sequence in the internal loops of the AHSL.
81UGC83 in the IL-I of the BSL6 5′ AHSL is essential for
interfering with accumulation of BaMV RNA
BSF4 and BSL6 contain only 1-nt difference (U82 versus
C83) in IL-I, regardless of identical structure in the internal
Fig. 5. Analyses of interference of natural satBaMV isolates on BaMV replication. (A) The secondary AHSL structures of natural satBaMV isolates were predicted by
Mfold (Zuker, 2003) at 25 °C and 37 °C. The predicted AHSL structures of all isolates were the same under different temperatures except for BSL4. (+) and (−)
represent the interfering or noninterfering isolates of satBaMV, respectively. * and ** represent data from previous studies (Hsu et al., 1998, 2006). (B) Northern blot
analyses of the accumulation of BaMV and satBaMV RNAs in N. benthamiana protoplasts inoculated with BaMV-S RNA or co-inoculated with natural satBaMV
isolates as indicated. The probes used were as described in Fig. 3.
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might be important in downregulated BaMV replication. To test
this possibility, we constructed single-nucleotide-substitution
mutants. BSL6-11 was modified from BSL6, with C83 replaced
by U83 in the IL-I. Similarly, BSF4-5 was derived from BSF4,
with U82 replaced by C82 (Fig. 6A). BSF4-5 but not BSL6-11
could diminish the accumulation of BaMV RNA in infected N.
benthamiana protoplasts (Fig. 6B). By co-inoculation with
BaMV RNA and BSL6 or BSF4-5 transcripts, symptoms were
completely suppressed. In contrast, leaves of plants co-
inoculated with BaMV and BSF4 or BSL6-11 transcripts
appeared severely necrotic and mosaic, both on the inoculated
and upper noninoculated leaves (Fig. 6C). Northern blot
analyses confirmed the low level of BaMV RNA accumulation
in the asymptomatic plants (not shown). To strengthen oursuggestion that the single-nucleotide substitution in IL-I but not
the ALS of satBaMV AHSL is required for BaMV down-
regulation, we constructed mutant BSF4-6 derived from BSF4-
2 with U83 replaced by C83 (Fig. 6A). As expected, BSF4-6
could abolish the accumulation of BaMV RNA in co-inoculated
N. benthamiana protoplasts (Fig. 6B). These results strongly
support that, despite the structural integrity of the IL-I, the C83
in the IL-I of the BSL6 5′ AHSL was crucial for interfering with
BaMV replication and BaMV-induced symptoms. A single-
nucleotide change at this position is sufficient to alter the
biological activities of satBaMV.
To further refine knowledge of other sequences of IL-I in
satBaMV-mediated interference, we constructed the mutants
BSL6-12 to BSL6-18. At first, we examined the nucleotide
substitution mutant in the IL-I, which had no effect on its
Fig. 6. Effect of single-nucleotide mutation of satBaMV at the IL-I of the AHSL on BaMV RNA accumulation in protoplasts. (A) The secondary structures of the
AHSL of single-nucleotide mutants of satBaMV. BSL6-11 and BSF4-6 were modified from BSL6 and BSF4-2, respectively, whereby C83 was replaced by U83 in the
IL-I. BSF4-5 was derived from BSF4, with U82 replaced by C82. (B) Northern blot analyses of the accumulation of BaMV and satBaMV RNA in N. benthamiana
protoplasts inoculated with BaMV-S RNA or co-inoculated satBaMV mutants as indicated; the probes for detection of BaMVand satBaMV RNAwere as described in
Fig. 3. (C) Systemic leaves of N. benthamiana plants inoculated with BaMV-S RNA alone or co-inoculated with transcripts of BSF4, BSL6, BSF4-5 or BSL6-11,
respectively. The photograph was taken on upper, non-inoculated leaves 24 days after infection. M: mock-inoculated.
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BSL6 by replacing U65 and G67 with C65 and A67, respectively,
which resulted in an identical IL-I of a 5′ AHSL-like structure
of BaMV-D, the helper of BSL6 (Lin et al., unpublished data).
BSL6-18 was derived from BSL6 by replacing G82 with C82 in
the IL-I (Fig. 7A). By co-inoculation with BaMV RNA, BSL6-
12 could substantially interfere with the accumulation of BaMV
RNA (Fig. 7B), whereas BSL6-18 did not (Fig. 7B). Thus, U65
and G67 but not G82 in the IL-I were changeable. That mutant
BSL6-18 lacks the ability to interfere with BaMV replication
might be due to its low accumulation of RNA. Next, we tested
the mutants that might affect the predicted secondary structure
of IL-I after sequence change. BSL6-13 was the G67 deletion
mutant of BSL6 according to one natural variant of satBaMV
BV17 (not shown). BSL6-14 was the U68 deletion mutant of
BSL6, which created the 67GU81 pair and resulted in the sameIL-I of satBaMV BV17 (Fig. 5), a noninterfering isolate. BSL6-
16 was derived from BSL6 by replacing U81 with A81, which
gave rise to an 68UA81 in IL-I (Fig. 7A). Northern blot analyses
showed that BSL6-13 could substantially interfere with the
accumulation of BaMV RNA (Fig. 7B). In contrast, BSL6-16
did not significantly alter the replication (Fig. 7B). For BSL6-
14, about 28% of BaMV RNA was detected as compared with
that in protoplasts co-inoculated with BaMV and BSF4
transcripts. These results demonstrate that IL-I could tolerate
G67 deletion in the BSL6-mediated BaMV interference,
whereas the U68 deletion could slightly reduce the interference
of BSL6. Moreover, replacing U81 with A in the IL-I of BSL6
would eliminate the interference ability. To verify that the U81
itself or the size of IL-I was important for interfering with the
replication of BaMV, we constructed mutants BSL6-15 and
BSL6-17 from BSL6. BSL6-15 was modified by replacing U68
Fig. 7. Mutational analyses of IL-I of the BSL6 5′AHSL on BaMVreplication. (A) Mutational diagram of IL-I of the BSL6 5′ AHSL. The arrows indicate the number,
sequence, and region of mutants. (B) Accumulation of BaMVand satBaMV RNA in protoplasts inoculated with BaMV-S or co-inoculated with transcripts of the wild
type and mutant satBaMV. The RNA samples were analyzed at 24 h post-inoculation by northern blotting as described in Fig. 3.
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17 was modified by replacing U68 and U81 with A68 and A81,
respectively, with no affect on the structure of IL-I (Fig. 7A). By
co-inoculation with BaMV RNA, BSL6-15 could interfere with
the accumulation of BaMV RNA substantially, whereas BSL6-
17 did not (Fig. 7B). These results suggest that U81 was
essential for the downregulation of BaMV replication even if it
was paired.
Taken together, our results suggest that U81, G82 and C83 in
the IL-I of the BSL6 5′ AHSL are crucial for interfering with
BaMV replication.
C60 and the structure of the IL-II of the BSL6 5′ AHSL are
essential for interfering with accumulation of BaMV RNA
Next we identified the sequence and structural requirements
of IL-II in satBaMV-mediated interference. As shown pre-
viously, BSL4 is a noninterfering satBaMV isolate (Hsu et al.,
1998) in which the HV region folds into different AHSL
secondary structures at 37 °C and 25 °C as predicted by Mfold
(Fig. 5A). At 37 °C, the region folds into a conserved AHSL
structure, as do most satBaMV isolates (Yeh et al., 2004).
However, BSL4 and interfering isolates differ in only 1 nt in the
internal loops. BSL4 contains U60, whereas BSL6 or others
have C60 (Fig. 5A). To test whether C60 in the BSL6 5′ AHSL
might also be important in the downregulation event, we
constructed a C60→U mutant, BSL6-19 (Fig. 8A). Indeed,
BSL6-19 substantially lost the ability to interfere with BaMV
replication in co-inoculated N. benthamiana protoplasts (Fig.
8B). To further confirm this result, we also generated the other
clone, BSF4-7, derived from BSF4-5 (an interfering satBaMV
mutant, Fig. 6) with C60→U in the IL-II of AHSL. Again,BSF4-7 failed to interfere with BaMV replication in the
protoplast assay (not shown), which indicates that C60 in the
IL-II of the 5′ AHSL is crucial for downregulation of BaMV
replication. We further examined whether another cytosine, C86,
in IL-II was also involved in satBaMV-mediated interference.
Mutant BSL6-20 derived from BSL6 with C86→U held the
same properties as BSL6, greatly diminishing the level of
BaMV RNA (Fig. 8B).
That the AHSL structure of BSL4 is less conserved, with
C59 and C85 bulges in the bottom stem instead of IL-II as
predicted by Mfold at 25 °C (Fig. 5A), suggests that the
structure of the IL-II might also be involved in interfering
with BaMV RNA replication. To test this hypothesis, we
constructed two BSL6 mutants with altered IL-II, BSL6-21
and BSL6-22. For mutant BSL6-21, the C59 in the IL-II was
replaced by uridine, which raised an 59UA87 pair and a
60CC86 mismatch in the IL-II (Fig. 8A). Mutant BSL6-22,
with a sequence substitution of BSL6 from 86CAGC89 to
86GGGU89, raised 2 CG pairs (60/86 and 59/87) and
destroyed the loop structure of the IL-II (Fig. 8A). To avoid
creating another ApaI site in the HV region, which might
affect the construction of BSL6-22, the 57GC89 pair in the
bottom stem of BSL6-22 was changed to a 57GU89 pair,
which did not affect its predicted structure. Northern blot
analyses showed that BSL6-21, with a 60CC86 mismatch in
the IL-II, could substantially interfere with BaMV replication
(Fig. 8B). In contrast, BSL6-22 transcripts which eliminated
IL-II did not affect the level of BaMV RNA in co-inoculated
protoplasts, and the level was even slightly higher than that in
protoplasts inoculated with BaMV alone. However, in 3
independent experiments, the level of BSL6-22 RNA was
always lower than that of BSL6. Therefore, we concluded that
Fig. 8. Mutational analyses of IL-II of the BSL6 5′ AHSL on BaMV replication. (A) Mutational diagram of IL-II of the BSL6 5′ AHSL. The arrows indicate the
number, sequence, and region of mutants. (B) Accumulation of BaMVand satBaMV RNA in protoplasts inoculated with BaMV-S or co-inoculated with transcripts of
the wild type and mutant satBaMV. The RNA samples were analyzed at 24 h post-inoculation by northern blotting as described in Fig. 3.
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of the IL-II of the BSL6 5′ AHSL were essential for this
downregulation event.
Discussion
The predicted secondary structure of 160 nt in the 5′ UTR of
BSL6 RNA folds into 5 stem loops (SL-I to SL-V) (Fig. 2E). By
enzymatic probing, we confirmed the folding of SL-II to SL-V
and the AHSL (HV region) located in the upper part of SL-III
(Fig. 2). On the basis of this confirmed structure, we deciphered
the structures and sequences in the HV region of satBaMV
required for the downregulation of BaMV replication. Muta-
tional analyses of the AHSL structures and assays of natural
satBaMV isolates revealed that all of the interfering isolates had
the same structure and sequence in the 2 internal loops of the
AHSL, whereas the ALSs of the satBaMV 5′ AHSL were
independent determinants of satBaMV-mediated interference
(Figs. 4 and 5). In addition, the maintenance of AHSL RNA
structure and U81, G82 and C83 in the IL-I and C60 in the IL-II of
the BSL6 5′ AHSL were also crucial for interference with
BaMV replication (Figs. 3 and 6–8).
Many RNA structural elements in the 5′ or 3′ terminus of
RNA viruses are important in viral RNA replication. For
instance, the 3′ terminal stem loop of TCV and satRNA C is
required for the minus-strand RNA synthesis (Song and Simon,
1995; Stupina and Simon, 1997). The conserved 5′ terminal T-
shaped domain found in different tombusvirus genomes and
satRNAs is involved in viral RNA replication (Wu et al., 2001).Further, we have previously demonstrated that BSF4 mutants
with abolished stems in the AHSL structure diminished RNA
accumulation (Annamalai et al., 2003). Similarly, mutants
BSL6-4 and BSL6-8 with a 2 base-pair disruption in the middle
stem of the AHSL structure reduced the RNA accumulation to
an undetectable level (Fig. 3). Moreover, G82→C with no
change in AHSL structure (BSL6-18) and an eliminated IL-II of
the AHSL (BSL6-22) reduced the accumulation of satBaMV
RNA (Figs. 7B and 8B). The G82 and the loop structure of IL-II
might be crucial for the replication or stability of satBaMV
RNA. However, mutants BSL6-2 and BSL6-6 with 1 or 2 base-
pair disruptions in the upper or bottom stems of the AHSL did
not significantly affect satBaMV RNA accumulation (Fig. 3).
Restoration of a stem–loop structure in the 5′ UTR of Potato
Virus X (PVX) was required for viral RNA accumulation (Miller
et al., 1999). BSL6-5, the compensated mutant, restored 2 base
pairs in the IL-II of AHSL, thus recovering the accumulation of
satBaMV RNA, which supports this finding (Fig. 3B).
To carry out diverse biological functions, all classes of
biological RNA molecules may fold into complex shapes and
structures (Giedroc et al., 2000). Maintaining the structure of
the RNA element was also required for its specific function. In
the present study, in the mutants BSL6-2, BSL6-4, BSL6-6 and
BSL6-8, 1 or 2 base-pair disruptions in the stems of AHSL
resulted in totally altered secondary structures, which elimi-
nated the ability to interfere with BaMV replication. In contrast,
the compensatory mutants BSL6-3, BSL6-5 and BSL6-7, with
restored AHSL structures, were able to downregulate the
replication of BaMV (Fig. 3). Loss of interference with BaMV
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undetectable accumulation level. Our results support the claim
that maintenance of AHSL RNA structure is a prerequisite for
satBaMV-mediated interference with BaMV replication.
RNA–RNA interactions have been shown to control synth-
esis, translation or encapsidation of viral RNA (Guo et al., 2001;
Sit et al., 1998). We examined the requirement of RNA–RNA
interaction between BaMV and satBaMV involved in the
downregulation event. Although the 73UUUGG77 at the ASL
of BSL6 could potentially pair with the highly conserved
sequence (ACCUAA) at the SL-D of the BaMV 3′ UTR,
mutational analyses showed that the RNA–RNA interaction
between the two molecules was not involved in satBaMV-
mediated interference with replication (Fig. 4). Mutant BSL6-9,
with destroyed complementarity to the helper virus RNA, largely
lost the ability to interfere with BaMV replication, which might
be due to a change in its AHSL structure (Fig. 4). However, one
exception is that the AHSL structure of BSL6-10, with a large
internal loop (IL-II) and a C bulge at position 83, did not contain
the internal loops of interfering satBaMV isolates but could also
interfere with the BaMV RNA accumulation (Fig. 4).
Analyses of natural satBaMV isolates revealed all of the
interfering isolates with the same structure and sequence in the 2
internal loops of the AHSL (Fig. 5). The IL-I of AHSL was an
asymmetric loop containing 6 (63UAUAGU68) and 3
(81UGC83) nt on the left-hand and right-hand side, respectively.
Mutational analyses showed that 81UGC83 on the right-hand
side of IL-I were crucial for the downregulation of BaMV
replication by satBaMV (Figs. 6 and 7). In contrast, U65 and
G67 on the left-hand side of IL-I were changeable (Fig. 7). The
U68 deletion mutant (BSL6-14) raised a 67GU81 pair and
reduced the size of IL-I, which partially lost the ability of
interference with replication, which implies that the U68 was
required but not essential for the interference event. Mutant
BSL6-15 (U68→A), with an 68AU81 pair in the IL-I, could still
interfere with the accumulation of BaMV RNA, which suggests
that the U81 was essential for this interference, even though it
was paired (Fig. 7). Further, the IL-II is a symmetric loop
containing 2 nt on each side, 59CC60 and 86CA87, respectively.
Mutational analyses showed that C60 but not C86 in the IL-II
was crucial for the downregulation of BaMV replication by
satBaMV (Fig. 8). However, mutant BSL6-21 (C59→U), with
an 59UA87 pair and a 60CC86 mismatch in the IL-II, remained an
interfering variant, whereas BSL6-15, with destroyed IL-II, lost
the ability of interference. Since C60 in the IL-II is crucial for the
downregulation of BaMV replication, the mismatch of 60CC86
might be required for its function. A single C-to-U substitution
in loop B of the stem loop IV of an enterovirus internal
ribosome entry site greatly changed the shape and flexibility of
RNA (Du et al., 2004). This modification altered the RNA
structure to be less flexible and favored the pre-existing
conformational features for the recognition of poly(rC)-binding
protein 2. Moreover, specific binding of P33 to an internal
replication element [RII(+)-SL] depends on a CC mismatch
positioned within a helix, which is essential for tombusvirus
replication (Pogany et al., 2005). Therefore, 81UGC83 in the IL-
I and C60 in the IL-II might be the recognition or binding sitesfor some viral/cellular factors involved in the process of BaMV
and satBaMV replication. Alternatively, a single-nucleotide
substitution in the internal loops would change the tertiary
structure of the BSL6 5′ AHSL and interfere with the
recognition or binding of factors, as evidenced by the loop E
motif's tertiary-structure–function relationship in replication of
Potato spindle tuber viroid (Zhong et al., 2006). The functions
of specific nucleotides within the BSL6 5′ AHSL affecting the
replication of BaMV remain to be determined.
As predicted by Mfold (Zuker, 2003), the very 5′ terminal
173 nt of BaMV genomic RNA folds into 3 or 4 stem–loop
structures (SL-I to SL-IV). Interestingly, an AHSL-like
structure similar to that of satBaMV in the 5′ HV region was
located in the upper part of SL-II of most BaMV isolates
harboring satBaMV variants (Lin et al., unpublished data).
These findings suggest that the AHSLs are required for the
replication of BaMV and satBaMV RNAs. The AHSLs might
be recognized or bound by unidentified viral or cellular factors
involved in viral and satellite RNA replication. We assume that
the limited quantities of viral/cellular factors may preferentially
bind to the 5′ AHSL, which contains the same predicted
structure and sequence of interfering satBaMV isolates, and the
minus-stranded satBaMV RNA is favorably synthesized.
Therefore, the replication of BaMV was downregulated.
Materials and methods
Plasmid construction
Plasmid pBSF4 and pBSL6 are full-length cDNA clones
of satBaMVs with a T7 RNA promoter at the 5′ end (Hsu et
al., 1998; Lin et al., 1996). Primers used for cloning are
listed in Table 1. To generate pBSL6-5UTR (for structure
mapping), a PCR fragment was synthesized from a pBSL6
template with the primers BS19 (forward) and BS182
(reverse). The PCR product was further cleaved with PstI
and XhoI and ligated into a PstI/XhoI-digested pBSL6
vector. For the construction of pBSL6-2, a PCR fragment
was synthesized from a pBSL6 template with the primers
BSL6-2 (forward) and BS24 (reverse). The ApaI- and XhoI-
digested PCR fragments were ligated with the ApaI- and
XhoI-cut pBSL6 vector. Plasmids pBSL6-3 to pBSL6-5,
pBSL6-8 to pBSL6-18, pBSL6-20 and pBSL6-22 were
constructed similarly, except that the forward primers used
in PCR amplification were BSL6-3 to pBSL6-5, BSL6-8 to
BSL6-18, BSL6-20 and BSL6-22, respectively. For the
construction of pBSF4-2, a PCR fragment was synthesized
from a pBSF4 template by use of the primers BSF4-2
(forward) and BS43 (reverse). The ApaI- and XbaI-digested
PCR fragments were ligated with the ApaI- and XbaI-cut
pBSF4 vector. Clones pBSF4-3, pBSF4-4, pBSF4-5, pBSF4-
6 and pBSF4-7 were constructed similarly, except that the
forward primers used in PCR amplification were BSF4-3,
BSF4-4, BSF4-5, BSF4-6 and BSF4-7, respectively. Mutant
pBSL6-6 was constructed by site-directed mutagenesis by
use of a double-PCR method in which an approximately
100-bp fragment was amplified from the pBSL6 template by
Table 1
Primers used for construction of satBaMV isolates and mutants
Name Position a Sequence b Polarity c
BS19 1–18 TGCCTGCAGTAATACGACTCACTATAGAAAACTCACCGCAACGA +
BS24 poly(A)-tail CCTTCTCGAGT(15) −
BS43 poly(A)-tail GTCGACTCTAGAT(15) −
BS182 144–160 CCCCTCGAGCGTCTTGGTAAGCGTCG −
BSF4-2 54–91 GAGGGCCCCCCTATAGTCCCTTAGGTGGGTGTGGCAGGCCCC +
BSF4-3 54–90 GAGGGCCCCCCTATAGTCCCGTTTGCGGGTGTGGCAGGCC +
BSF4-4 54–92 GAGGGCCCCCCTATAGTCCGCTTTGGCGGTGTGGCAGGCCCCG +
BSF4-5 54–90 GAGGGCCCCCCTATAGTCCCTTAGGTGGGTGTGGCAGGCC +
BSF4-6 54–91 GAGGGCCCCCCTATAGTCCCGCTGAGGGTGCGGCAGGCCC +
BSF4-7 54–70 CGAGGGCCCTCCTATAGTCC +
BSL6-2 54–82 AGGGGCCCCCTATAGTCTGATTTGGCGGTG +
BSL6-3 54–86 AGGGGCCCCCTATAGTCTGATTTGTCGGTGCGGC +
BSL6-4 54–72 AGGGGCCCGATATAGTCTGC +
BSL6-5 54–96 AGGGGCCCGATATAGTCTGCTTTGGCGGTGCTCCAGCCCCCGTG +
BSL6-6R 46–70 AGACTATAGGGGGGGCCTCGTGGTC −
BSL6-7R 46–99 TCGCACGGGCCCTGCCGCACCGCCAAAGCAGACTATAGGGGGGGCCTCGTGGTC −
BSL6-8 54–72 AGGGGCCCGGTATAGTCTGC +
BSL6-9 54–87 AGGGGCCCCCTATAGTCTGCAAACCCGGTGCGGCA +
BSL6-10 54–83 AGGGGCCCCCTATAGTCTGCTTACCCGGTGC +
BSL6-11 54–92 AGGGGCCCCCTATAGTCTGCTTTGGCGGTGTGGCAGCCCC +
BSL6-12 54–82 AGGGGCCCCCTACAATCTGCTTTGGCGGTG +
BSL6-13 54–83 AGGGGCCCCCTATATCTGCTTTGGCGGTGC +
BSL6-14 54–77 AGGGGCCCCCTATAGCTGCTTTGG +
BSL6-15 54–76 AGGGGCCCCCTATAGACTGCTTTG +
BSL6-16 54–92 AGGGGCCCCCTATAGTCTGCTTTGGCGGAGCGGCAGCCCC +
BSL6-17 54–89 AGGGGCCCCCTATAGACTGCTTTGGCGG AGCGGCAGC +
BSL6-18 54–92 AGGGGCCCCCTATAGTCTGCTTTGGCGGTCCGGCAGCCCC +
BSL6-19R 52–69 GACTATAGGAGGCCCCTC −
BSL6-20 54–95 AGGGGCCCCCTATAGTCTGCTTTGGCGGTGCGGTAGCCCCCGTG +
BSL6-21 47–70 AGACTATAGGGAGCCCCTCGTGGT −
BSL6-22 54–96 AGGGGCCCCCTATAGTCTGCTTTGGCGGTGCGGGGGTCCCCGTGC +
DL15-R 808–837 GCTCTAGAT(15)CATCTTTTAACGTCTTTATTCGGGACGACC −
a Coordinates corresponds to those of satBaMV.
b Restriction enzyme site is underlined, the italic sequence represents the untranscribed part of T7 promoter.
c “+” and “−” polarity refer to homology and complementarity with satBaMV plus-strands, respectively.
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polymerase. This fragment was purified and mixed with a
reverse primer, BS24, to amplify a full-length fragment of
the BSL6 mutant. The PCR product was further cleaved with
PstI and XhoI and ligated into a PstI/XhoI-digested pBSL6
vector. pBSL6-7, pBSL6-19 and pBSL6-21 were constructed
by the same method, except that the reverse primer used in
the first PCR cycle was BSL6-7R, BSL6-19R and BSL6-
21R, respectively.
For analyses of the bioactivity of natural satBaMV variants,
the full-length cDNA of natural satBaMV isolates (BV17,
BB18, BB23 and DL19) previously cloned in pGEM T-easy
vector (Yeh et al., 2004) were amplified by PCR with the
primers BS19 and DL15-R. The PCR fragments were digested
with PstI and XbaI and ligated into the PstI- and XbaI-cut
pUC119 vector. All of the satBaMV constructs were verified by
DNA sequencing.
Structural prediction and probing with ribonucleases
The 5′ UTR of satBaMV RNA was predicted by Mfold
(Zuker, 2003). RNA structure mapping was performed asdescribed previously (Annamalai et al., 2003). Briefly, the
labeled RNA was denatured by heating at 65 °C for 5 min
followed by slow cooling to 20 °C. Next, serial dilutions of
ribonuclease concentrations [36 ng (100×) to 4 ng (900×) of
RNase A, 5 to 0.25 units of RNase T1, 5 to 1 units of RNase T2,
and 0.35 to 0.0175 units of RNase V1] were added and
incubated at 20 °C for 10 min. Reactions were stopped by
phenol/chloroform extraction, and RNA was precipitated with
ethanol, washed with 70% ethanol, and vacuum dried. The
location of the cleavage sites within the RNA structure was
determined by electrophoretic separation of RNA fragments on
10% denaturing (7 M urea) polyacrylamide gels. Two reactions
of different enzyme concentrations for each ribonuclease were
chosen to present and summarize the results of these digestion
patterns. For each assay, a control without any ribonuclease
treatment or a ladder marker denatured in boiling water for
2 min, followed by partial digestion with alkaline buffer
(55 mM Na-CO3, pH 9.0, 1.1 mM EDTA), was run in parallel.
The labeled RNAwas also denatured in boiling water for 90 s,
followed by cleavage with RNase T1 (15 units) at 55 °C for
15 min and denaturing by boiling for 30 s, then by cleavage with
3 ng of RNase A on ice for 2 min.
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Plasmids were linearized with XbaI or XhoI. RNA transcripts
with a 5′ cap structure (m7GpppG) were synthesized in vitro
with T7 RNA polymerase as previously described (Lin et al.,
1996).
Virus purification and viral RNA extraction
One-month-old N. benthamiana plants were inoculated with
pCB, an infectious cDNA clone of BaMV-S (Lin et al., 2004).
Seven to 10 days after infection, infected leaves were ground by
use of a mortar and pestle, and crude sap was used for a second
round of inoculation. Virions were purified from BaMV-S-
infected leaves, and viral RNA was extracted as described
previously (Lin and Chen, 1991; Lin et al., 1992).
Protoplast inoculation and northern blot analyses
Preparation and RNA inoculation of protoplasts from
N. benthamiana were as previously described (Lin et al.,
1992). For each inoculation, protoplasts of 2×105 cells were
inoculated with 1 μg of BaMV-S RNA alone or co-inoculated
with 1 μg of satBaMV transcripts by electroporation (Lin et al.,
1992). Total RNA extraction, glyoxalation, and northern blot
analyses were carried out as previously described (Lin et al.,
1996). For northern blot analyses, BaMV and satBaMV RNA
was probed with 32P-labeled RNA probes specific for BaMV 3′
UTR (Lin et al., 1993) and full-length satBaMV, respectively
(Lin et al., 1996). The hybridized membranes were exposed on
X-ray film (Kodak). Isotope intensity was processed and
quantified by PhosphorImager (Molecular Dynamics).
Plant inoculation
Three leaves of 1-month-old N. benthamiana plants were
used for inoculation, 4 plants for each treatment. Each leaf was
inoculated with 0.1 μg of BaMV-S RNA alone or co-inoculated
with 0.1 μg of satBaMV transcripts. Leaves were harvested at
12 or 24 days post-inoculation for northern blot analysis and
photography.
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